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EDTA infusion group increased PTH values from 224 6 11Effect of rate of calcium reduction and a hypocalcemic clamp
to 302 6 30 pg/ml (P , 0.05).on PTH secretion: A study in dogs.
Conclusions. These results suggest that (a) the reduction inBackground. The parathyroid hormone (PTH) calcium
PTH values during the hypocalcemic clamp may not representcurve is used to evaluate parathyroid function in clinical studies.
a depletion of PTH stores. (b) The use of PTH values fromHowever, unanswered questions remain about whether PTH
the hypocalcemic clamp as the maximal PTH may underesti-secretion is affected by the rate of calcium reduction and how
mate the maximal secretory capacity of the parathyroid glandsthe maximal PTH response to hypocalcemia is best determined.
and also would change the analysis of the PTH-calcium curve,We performed studies in normal dogs to determine whether
and (c) the PTH response to similar reductions in serum cal-(a) the rate of calcium reduction affected the PTH response
cium may be less for slow than fast reductions in serum calcium.to hypocalcemia and (b) the reduction in PTH values during
a hypocalcemic clamp from the peak PTH value observed
during the nadir of hypocalcemia was due to a depletion of
stored PTH. The parathyroid hormone (PTH) calcium curve hasMethods. Fast (30 min) and slow (120 min) ethylenediamine-
been used to evaluate parathyroid function in normaltetraacetic acid (EDTA) infusions were used to induce similar
volunteers [1–6] and in patients with primary [7–9] andreductions in ionized calcium. In the fast EDTA infusion group,
serum calcium was maintained at the hypocalcemic 30-minute secondary hyperparathyroidism [10–27]. In studies per-
value for an additional 90 minutes (hypocalcemic clamp). To formed in normal volunteers and in dialysis patients on
determine whether the reduction in PTH values during the continuous ambulatory peritoneal disease, the standardhypocalcemic clamp represented depletion of PTH stores,
method of inducing hypocalcemia is the infusion of athree subgroups were studied. Serum calcium was rapidly re-
calcium-chelating agent, either ethylenediaminetetra-duced from established hypocalcemic levels in the fast-infusion
group at 30 and 60 minutes (after 30 min of a hypocalcemic acetic acid (EDTA) or citrate. However, for convenience
clamp) and in the slow-infusion group at 120 minutes. in hemodialysis patients, a reduction in the dialysate
Results. At the end of the fast and slow EDTA infusions, calcium concentration is generally used to induce hypo-serum ionized calcium values were not different (0.84 6 0.02
calcemia. Furthermore, the use of a low-calcium dialy-vs. 0.82 6 0.03 mm), but PTH values were greater in the fast-
sate concentration generally produces a more rapid re-infusion group (246 6 19 vs. 194 6 13 pg/ml, P , 0.05). During
the hypocalcemic clamp, PTH rapidly decreased (P , 0.05) to duction in serum calcium than the usual two-hour
values of approximately 60% of the peak PTH value obtained infusion of a chelating agent. In a previous study in
at 30 minutes. A rapid reduction in serum calcium from estab- normal volunteers, the effect on PTH stimulation of a 60-lished hypocalcemic levels at 30 minutes did not stimulate PTH
and 120-minute reduction in ionized calcium of similarfurther, but also PTH values did not decrease as they did when
magnitude was similar [1]. However, the effect of a morea hypocalcemic clamp was started at 30 minutes. At 60 minutes,
the reduction in serum calcium increased (P , 0.05) PTH to rapid reduction in serum calcium (30 min) on parathyroid
peak values similar to those before the hypocalcemic clamp. function as compared with a 120-minute calcium reduc-
The reduction in serum calcium at 120 minutes in the slow tion has not been evaluated in a controlled setting.
In addition to the possible effect of the rate of calcium
reduction, the PTH calcium curve has been shown to beKey words: hypocalcemia, parathyroid hormone, EDTA, PTH-calcium
curve, hyperparathyroidism. modified by the level of serum calcium. In a recent study,
we showed that the PTH response to hypocalcemia wasReceived for publication April 17, 1998
less when hypocalcemia was induced from hypercalce-and in revised form October 30, 1998
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than when hypocalcemia was induced from a normal The experimental protocol consisted of three phases,
which are shown graphically in Figure 1A. In the firstserum calcium [28]. These results suggested that the PTH
phase, the effect of hypocalcemia on PTH stimulationsecretory response was affected by changes in the steady-
was evaluated for a fast, linear induction (30 min) ofstate calcium concentration. Whether or not a hypocalce-
hypocalcemia followed by a 90-minute hypocalcemicmic clamp affects the PTH response during the recovery
clamp. These results were compared with those obtainedfrom hypocalcemia has not been evaluated previously.
during a slow, linear induction (120 min) of hypocalcemiaAnother important issue was addressed after our study
of a similar magnitude. In the second phase, a calciumwas started. When maximal PTH levels are attained dur-
infusion was started in both groups after the 120-minuteing the induction of hypocalcemia, the initiation of a
EDTA infusion, and PTH values were measured during
hypocalcemic clamp results in a reduction of PTH values the recovery from hypocalcemia. The third phase was
[29, 30]. Whether this decrease in PTH represents an designed to evaluate whether the depletion of PTH
adaptation to the stabilization of the serum calcium or stores was the cause of the reduction in PTH levels dur-
the deceleration in the rate of calcium reduction, as has ing the hypocalcemic clamp. To evaluate this possibility,
been previously suggested [2, 13, 31], or the depletion three subgroups of dogs had either (a) a fast induction
of PTH stores [26] is an important issue. In a recent of hypocalcemia (30 min), (b) a fast induction of hypocal-
study, based on the concept of depletion of PTH stores, cemia (30 min) followed by a 30-minute hypocalcemic
Madsen et al elected to use the PTH value obtained clamp, or (c) a slow induction of hypocalcemia (120 min),
during the hypocalcemic clamp as the maximal PTH and then underwent an accelerated reduction in serum
calcium from an already hypocalcemic level; this acceler-value, even though it was lower than the peak PTH value
ated reduction in serum calcium was performed to deter-[26]. The use of this lower PTH value as the maximal
mine whether PTH could be further stimulated.PTH not only intimates a reduced secretory capacity for
After baseline blood sampling, sodium EDTA (1the parathyroid gland, but also affects the determination
g/kg), dissolved in one liter of 5% dextrose and water,of the set point and slope of the PTH calcium curve.
was administered with an infusion pump during eitherThe goal of this study was to evaluate whether (a)
a slow (120 min) or fast (30 min) induction of hypocal-differences in maximal PTH were observed for a slow
cemia. The desired reduction in ionized calcium in both(120 min) as compared with a fast (30 min) reduction in
groups was 0.4 mm. As shown in Figure 1B, to achieve
serum calcium of similar magnitude, (b) the PTH values a linear decrease in serum calcium during the slow infu-
observed during the recovery from hypocalcemia were sion, the initial rate of EDTA administration (25 ml/hr)
different when hypocalcemia was progressively induced was progressively increased during the 120-minute infu-
during 120 minutes or after a rapid 30-minute reduction sion. During the fast EDTA infusion (30 min), the initial
in serum calcium followed by a 90-minute hypocalcemic rate of EDTA infusion was 75 ml/hr, and this was pro-
clamp, and (c) the reduction in PTH values during a hypo- gressively increased during the infusion (Fig. 1B). When
calcemic clamp was due to a depletion of PTH stores. the nadir of the serum calcium was achieved at 30 min-
utes, the serum calcium was clamped at this hypocalce-
mic value by reducing the rate of EDTA infusion. At
METHODS 120 minutes, the EDTA infusion was stopped in both
groups, and calcium chloride was infused for 60 minutesHealthy mongrel dogs, ages two to five years, with a
at a progressively increasing rate until serum ionizedmean weight of 23 6 2 kg were studied. The dogs were
calcium was greater than 1.50 mm.housed individually and observed during the two-week
In the third phase of the study, the goal was to reduceperiod prior to the studies. Dogs had free access to food
the serum calcium from hypocalcemic levels to still lowerand water, and the diet contained 1200 IU/kg of vitamin
values and to increase the rate of reduction. In the sub-D; the dietary calcium and phosphorus content was 1.2
group studied at 30 minutes, the rate of EDTA infusionand 0.9%, respectively. After an overnight fast, the dogs
was rapidly increased between 30 and 36 minutes (Fig.
were anesthetized with intramuscular ketamine (10 1B), and blood samples for ionized calcium and PTH
mg/kg) and intravenous sodium thiopental (15 mg/kg/hr). were obtained at 33 and 36 minutes. In the subgroup
The left jugular and cephalic veins were then cannulated. studied at 60 minutes, the rate of EDTA infusion during
The jugular catheter was used for blood sampling and the first 30 minutes was the same as other dogs in the
the administration of the anesthetic. Disodium EDTA fast-infusion group, and at 30 minutes, a hypocalcemic
was used to lower the serum calcium, and during the clamp was initiated as described previously. At 60 min-
recovery from hypocalcemia, calcium chloride was used utes, the rate of the EDTA infusion was rapidly increased
to increase the serum calcium; both EDTA and calcium (Fig. 1B), and blood for ionized calcium and PTH was
obtained at 62, 64, 66, and 68 minutes. In the subgroupchloride were administered via the cephalic vein.
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Fig. 1. (A) Shown is the schematic diagram of
the study design with the number (N) of dogs
in each segment. The solid line represents the
fast EDTA infusion group (a) and the hypocal-
cemic clamp and, after 120 minutes, the infusion
of calcium chloride (f). The broken line repre-
sents the slow EDTA infusion group (b) and,
after 120 minutes, the infusion of calcium chlo-
ride (g). The dotted line represents the rapid
lowering of serum calcium from already hypo-
calcemic levels, which was performed at 30 (c),
60 (d), and 120 (e) minutes. (B) A schematic
diagram of the infusions of EDTA and calcium
chloride. The solid line represents the rate of
EDTA infusion in the fast EDTA-infusion
group (a) and during the hypocalcemic clamp
(a) and, after 120 minutes, the rate of calcium
chloride infusion (g). The broken line repre-
sents the rate of EDTA infusion in the slow
EDTA infusion group (b) and, after 120 min-
utes, the rate of calcium chloride infusion (f).
The rate of EDTA infusion used in the fast
EDTA infusion group to lower serum calcium
rapidly from existing hypocalcemic levels at 30
(c) and 60 (d) minutes is shown as a solid line.
The rate of EDTA infusion used in the slow
EDTA infusion group to lower serum calcium
rapidly from existing hypocalcemic levels at 120
minutes (e) is shown as a broken line.
receiving the slow EDTA infusion, the rate of EDTA and the measurement was performed immediately after
the sample was obtained. Intact PTH was measured withinfusion was rapidly increased at 120 minutes (Fig. 1B),
and blood samples for ionized calcium and PTH were an IRMA assay (Allegro; Nichols, San Juan Capistrano,
CA, USA); the use of this assay for measurement ofobtained at 123 and 126 minutes.
During the fast infusion of EDTA and during the PTH in the dog has been validated previously [31–35].
The PTH values for a single dog were always measuredhypocalcemic clamp, heparinized blood samples were
obtained at five-minute intervals. During the slow infu- in one assay.
sion of EDTA, blood samples were obtained at 10-minute
Statisticsintervals, except for those obtained at 5-minute intervals
during first and last 10 minutes of the 120-minute infu- For the comparison of two samples, the paired or
unpaired Student t-test was used. For the comparison ofsion. During the calcium infusion, which was started at
120 minutes, blood samples were obtained at 10-minute three or more samples, one-way or repeated-measures
analysis of variance was used, depending on whetherintervals. During the studies in which an accelerated low-
ering of serum calcium from already hypocalcemic levels data were unpaired or paired. If the analysis of variance
test showed a statistical difference, a post hoc test, thewas performed, blood samples were obtained every two
or three minutes. Fisher LSD, was performed to determine intergroup dif-
ferences; for the post hoc test, differences were at theIonized calcium was measured with a calcium-selective
electrode (Ciba-Corning Diagnostics, S.A., Madrid, Spain), P , 0.05 level. Multivariate analysis of variance was
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Fig. 3. The PTH values at the end of the slow (j; 120 min) and fast
(h; 30 min) EDTA infusions. In the slow-infusion group, PTH values
at 120, 115, and 105 minutes were less than PTH values at 30 minutes in
the fast-infusion group. These differences in PTH values were observed
despite no difference in ionized calcium for all three comparisons. *P ,
0.05 vs. 30 minutes.
both groups, a calcium infusion was started at 120 min-
utes and resulted in a similar rate of recovery from hypo-
calcemia and an increase to similar hypercalcemic values.
The PTH response to hypocalcemia is shown in Figure
2B. In the fast group, a rapid increase in PTH that corre-
sponded with the magnitude of hypocalcemia was ob-Fig. 2. (A) The ionized calcium concentration during the fast (d; 30
min) induction of hypocalcemia (EDTA), followed by a 90-minute served during the first 30 minutes. During the hypocalce-
hypocalcemic clamp, and subsequently during the 60-minute recovery mic calcium clamp, PTH values decreased and from 40
from hypocalcemia (calcium chloride infusion) is shown as a solid line.
to 120 minutes were less (P , 0.05) than the PTH valueThe ionized calcium concentration during the slow (s; 120 min) induc-
tion of hypocalcemia (EDTA) and during the 60-minute recovery from at 30 minutes. Moreover, PTH values at 75, 85, 95, and
hypocalcemia (calcium chloride infusion) is shown as a broken line. 105 minutes obtained during the hypocalcemic clamp
(B) The PTH concentration during the fast (d; 30 min) induction of
were less (P , 0.05) than those at the same time intervalshypocalcemia (EDTA), followed by a 90-minute hypocalcemic clamp,
and subsequently during the 60 minute recovery from hypocalcemia during the slow EDTA infusion even though the clamped
(calcium chloride infusion) is shown as a solid line. The PTH concentra- serum calcium values at 75, 85, and 95 minutes were lesstion during the slow (s; 120 min) induction of hypocalcemia (EDTA)
(P , 0.05) or at 105 minutes, not different than calciumand during the 60-minute recovery from hypocalcemia (calcium chloride
infusion) is shown as a broken line. aP , 0.05 vs. fast at 30 min (ANOVA); values in the slow group. During the recovery from hypo-
bP , 0.05 vs. slow at the same time (MANOVA); cP , 0.05 vs. slow calcemia (calcium infusion), PTH values were similar infrom 55 to 120 min (ANOVA).
the two groups.
As shown in Figure 3, the PTH value at 30 minutes
in the fast group was greater than PTH values at 105,
115, and 120 minutes in the slow group. These differencesused to compare mean values affected by more than one
in PTH were observed even though the 30-minute serumvariable. A P value of less than 0.05 was considered
calcium value (0.84 6 0.02 mm) was not different thansignificant. Results are shown as the mean 6 se.
those at 105 (0.88 6 0.02 mm), 115 (0.85 6 0.02 mm),
and 120 (0.82 6 0.03 mm) minutes. Moreover, when
RESULTS PTH values were matched for serum calcium during the
As shown in Figure 2A, the EDTA infusion resulted induction of hypocalcemia (Fig. 4), PTH values in the
in a linear decrease in serum calcium in both the fast and fast group tended to be greater for similar serum calcium
slow groups. In the fast group, the nadir of hypocalcemia values and were greater for a similar serum calcium at
(0.84 6 0.02 mm) was at 30 minutes, after which serum 5 versus 15 minutes and 30 versus 115 minutes (fast
calcium was clamped at this hypocalcemic level for an versus slow).
additional 90 minutes. In the slow group, the nadir of Whether or not a rapid reduction in serum calcium
from hypocalcemic levels further stimulated PTH washypocalcemia (0.82 6 0.03 mm) was at 120 minutes. In
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Whether or not the depletion of PTH stores was the
cause of the reduction in PTH values during a hypocalce-
mic clamp was evaluated (Fig. 6). A group of dogs in
which serum calcium was reduced between 0 and 30
minutes was subjected to an accelerated rate of calcium
reduction between 30 and 36 minutes (Fig. 6A). These
dogs were compared with another group in which the
calcium reduction was similar during the first 30 minutes,
but after which a hypocalcemic clamp was started. In
the group with the accelerated reduction in serum cal-
cium, PTH values were not different than those at 30
minutes. However, during the hypocalcemic clamp, PTH
values decreased and at 40, 45, and 50 minutes were less
(P , 0.05) than those at 30 minutes. As shown in Figure
6B, the PTH values in the group with an accelerated
calcium reduction were greater at similar times than
those in the group with the hypocalcemic clamp, even
though the 30-minute PTH values were similar.
In Figure 7, the PTH response to the fast EDTA infu-
sion is shown as curve 1. Shown as open squares are
PTH values obtained during the hypocalcemic clamp
between 30 and 90 minutes; this time range was used
because it is the same as used by Madsen et al [26].
During the hypocalcemic clamp, the two highest PTH
values were at 35 and 40 minutes. To construct curve 2,
we used as the maximal PTH, the mean PTH (163 pg/ml)
of the 12 PTH values during the hypocalcemic clamp.
To complete the curve, the first two PTH values duringFig. 4. PTH values matched for the serum calcium concentration in
the fast (d) and slow (s) EDTA infusion groups. For similar serum the induction of hypocalcemia were used, and the con-
calcium values at 5 (fast) versus 15 (slow) minutes and at 30 (fast) nection to the mean PTH value for the hypocalcemicversus 115 (slow) minutes, the PTH values were significantly greater
clamp was extrapolated. The five highest PTH valuesin the fast group (*P , 0.05; **P , 0.01).
were excluded because these values exceeded the maxi-
mal PTH value for curve 2. Finally, curve 3 had the same
maximal PTH as curve 2, and as was done by Madsen
evaluated. As shown in Figure 5A, an accelerated reduc- et al [26], the other PTH values were from the recovery
tion in serum calcium between 30 and 36 minutes did from hypocalcemia. As shown in Figure 7, the three
not further increase PTH (264 6 26 vs. 279 6 27 pg/ml, PTH-calcium curves are entirely different.
analysis of variance, P 5 0.61). When serum calcium was
reduced to its nadir at 30 minutes and a hypocalcemic
DISCUSSIONclamp was maintained for the next 30 minutes before a
further reduction in serum calcium was initiated between In this study in normal dogs, we showed that for a
similar magnitude of hypocalcemia at the end of the slow60 and 68 minutes, PTH values at 66 and 68 minutes
were greater than at 60 minutes (ANOVA, P , 0.001; and fast EDTA infusion, the PTH response was less in
the slow than the fast group. Moreover, in the slow-Fig. 5B). Moreover, the PTH value at 30 minutes, ob-
tained at the nadir of hypocalcemia before the hypocalce- infusion group, PTH values appeared to reach a plateau
and, despite a continual reduction in serum calcium, didmic clamp, and PTH values at 66 and 68 minutes were
similar to and greater than those at 45, 50, 55, and 60 not increase further. We also showed that during a hypo-
calcemic clamp, PTH values decreased from maximalminutes during the hypocalcemic clamp (ANOVA, P ,
0.001). The slow infusion of EDTA resulted in a linear levels. However, this reduction in PTH values during
the hypocalcemic clamp did not appear to represent adecline in serum calcium during 120 minutes (Fig. 5C).
Between 120 and 126 minutes, the rate of serum calcium depletion of PTH stores because PTH could again be
stimulated to maximal PTH levels when the serum cal-decrease was accelerated, and the PTH value at 126
minutes (302 6 30 pg/ml) was greater (ANOVA, P 5 cium was further reduced below the level of the hypocal-
cemic clamp.0.03) than at 120 minutes (224 6 11 pg/ml) and all other
PTH values from 0 to 120 minutes (ANOVA, P , 0.001). The reason for comparing the PTH response to hypo-
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Fig. 5. (A) The ionized calcium (d) and PTH (s) values in dogs in
which a fast EDTA infusion (30 min) was performed, and from 30 to
36 minutes, ionized calcium was rapidly lowered by increasing the rate
of EDTA infusion (Fig. 1). The rapid lowering of ionized calcium from
30 to 36 minutes did not further increase PTH levels. (B) The ionized
calcium and PTH values in dogs in which a fast EDTA infusion (30
min) was performed; this was followed by a 30-minute hypocalcemic
clamp, after which ionized calcium was rapidly lowered by increasing
the rate of EDTA infusion (Fig. 1). During the hypocalcemic clamp,
PTH values decreased from the 30-minute PTH value (P , 0.05, a vs.
b). During the rapid reduction of ionized calcium initiated at the end
of the hypocalcemic clamp at 60 minutes, PTH values increased to
levels similar to those observed at 30 minutes and were greater than
PTH values during the hypocalcemic clamp (P , 0.05, a vs. b). (C) The
ionized calcium and PTH values in dogs in which a slow EDTA infusion
(120 min) was performed, after which ionized calcium was rapidly low-
ered by increasing the rate of EDTA infusion (Fig. 1). The rapid reduc-
tion of ionized calcium resulted in an increase in the PTH value to a
level that was greater than all the PTH values during the slow EDTA
infusion (P , 0.05, a vs. other PTH values).
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b
Fig. 6. (A) The ionized calcium (d) and PTH (s) values obtained
when a fast (30 min) EDTA infusion was performed, followed by a
hypocalcemic clamp versus a fast (30 min) EDTA infusion followed by
a more rapid lowering of the ionized calcium. During the hypocalcemic
clamp, PTH values at 40, 45, and 50 minutes were lower than the peak
PTH value at 30 minutes (P , 0.05, a vs. 30-min PTH value). In the
group in which ionized calcium was rapidly lowered from 30 to 36
minutes, PTH values did not change from the 30-minute value. (B) The
PTH values for similar time intervals in the two groups shown in (A).
Symbols are: ( ) accelerated; ( ) clamp. At 30 minutes, the PTH
values were not different. When the PTH value at 35 minutes during
the hypocalcemic was compared with the PTH value obtained at 33
minutes during the rapid lowering of serum calcium, the latter PTH
value was greater. Similarly, when the hypocalcemic clamped PTH
value at 35 minutes was compared with the PTH value obtained at 36
minutes during the rapid lowering of serum calcium, the latter PTH
value was greater. A similar result was observed when the 36-minute
PTH obtained during the rapid lowering of serum calcium was compared
with the 40-minute hypocalcemic clamped PTH value. These results sug-
gest that the reduction in PTH values during the hypocalcemic clamp
was not due to depletion of PTH stores. *P 5 NS; **P , 0.02; †P , 0.01.
was similar whether the calcium reduction was linear
or nonlinear; the latter was designed to simulate the
gradient-induced reduction in serum calcium (low cal-
cium dialysis) often used to test parathyroid function in
hemodialysis patients [10–12, 14–16, 23–25, 27]. How-
ever, others have shown that short, rapid reductions in
serum calcium produce a greater PTH response than
long, slow reductions in serum calcium [2]. Furthermore,
in a preliminary report in hemodialysis patients, it was
shown that a low calcium dialysis for approximately 60
minutes induced a greater maximal PTH response than
a three-hour EDTA infusion even though the magnitude
of hypocalcemia was similar (abstract; de Precigout et
al, J Am Soc Nephrol 7:1789, 1996). Our current study
in dogs also supports the concept that the rate of calcium
reduction might affect the magnitude of the PTH re-
sponse to hypocalcemia.
In this study, the maximal PTH response to hypocal-
cemia was greater at the end of the EDTA infusion in
the fast than the slow group despite a similar reduction
in calcium. Moreover, in the slow group, PTH values did
not change between 55 and 120 minutes even though
serum calcium decreased by more than 0.20 mm during
this time. An accelerated reduction in calcium at 120
minutes further increased PTH values. Thus, our results
suggest that because of the slow rate of calcium reduc-calcemia during a fast and slow induction of hypocal-
tion, the maximal PTH secretory capacity was notcemia was to determine whether differences in the rate
achieved. Because in clinical studies nonuniform proto-of calcium reduction affected parathyroid function. In a
cols of calcium reduction are used to stimulate PTHprevious clinical study, Brent et al reported that the
secretion maximally, it is possible that differences in thePTH response to hypocalcemia in normal volunteers was
rate of calcium reduction may lead to different conclu-similar whether the calcium reduction was during 60 or
sions regarding the dynamics of PTH secretion.120 minutes [1]. In a study in dogs, we showed that the
In a recent study, we observed that the PTH responsePTH response to hypocalcemia was similar whether the
to hypocalcemia was different when the reduction incalcium reduction was during 30 or 60 minutes [31]. Fur-
thermore, we showed that the maximal PTH response serum calcium was started after a 90-minute hypercalce-
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than those at similar times during the hypocalcemic
clamp. Thus, if the depletion of PTH stores was responsi-
ble for the reduction in PTH levels, lower PTH values
would have been expected during the accelerated reduc-
tion in serum calcium from 30 to 36 minutes. Other
observations also suggest that depletion of PTH stores
was not the cause of the reduction in PTH levels during
the hypocalcemic clamp. The PTH values during the
hypocalcemic clamp were lower than the 30-minute PTH
value, and a reduction in calcium after 30 minutes of the
hypocalcemic clamp resulted in an increase in PTH. If
depletion of PTH stores was responsible for the lower
PTH values during the hypocalcemic clamp, a further
reduction in calcium would not have been able to in-
crease PTH secretion. Moreover, the fact that during the
slow EDTA infusion at the nadir of hypocalcemia at 120
minutes, PTH values could be stimulated by a more
rapid reduction in serum calcium also indicates that PTH
depletion was not present. Thus, our results suggest that
depletion of PTH stores was not the cause of the reduc-
tion in PTH levels during the hypocalcemic clamp.
Rather, we believe that the reduction in PTH levels was
more likely due to the deceleration in the rate of calcium
reduction [2, 13, 31]. As such, it may be related to the
phenomenon of hysteresis in which after a directional
change in serum calcium, the PTH level for the same
serum calcium concentration is less during the recovery
Fig. 7. The PTH-calcium curve (curve 1) was drawn from values ob- than the induction of hypocalcemia [2, 13, 31].
tained during the fast (30 min) EDTA infusion. When, as suggested by
In a previous study, we showed that the PTH responseMadsen et al, PTH values obtained during the hypocalcemic clamp
(open squares) were used as the maximal PTH (mean of the 12 values), to two consecutive 30-minute reductions in serum cal-
the PTH-calcium curve (curve 2) was distinctly different than curve 1 cium separated by a 30-minute recovery period was simi-
[26]. Finally, as was done in [26], the PTH value from the hypocalcemic
lar [31]. Although unlikely, it could be argued that theclamp was used as the maximal PTH, and the other PTH values were
obtained during the recovery from hypocalcemia, the resulting PTH- 30-minute recovery period provided sufficient time for
calcium curve (curve 3) is markedly different than curve 1. reutilization of degraded PTH. In our current study, it
is possible that a decrease in the metabolic clearance
rate of PTH contributed to the differences in circulating
PTH levels. In a recent study in dogs, anesthesia with
mic clamp than from the normal state [28]. As a result, pentobarbital was shown to decrease the hepatic clear-
we decided to evaluate the converse, that is, whether or ance of intact PTH and increase circulating PTH levels
not the PTH response during the recovery from hypocal- [36]. However, in this study, this effect should have been
cemia was different after a hypocalcemic clamp than similar in all of the dogs. An important issue is whether
after a linear reduction in serum calcium. Our results hypocalcemia changed the metabolic clearance rate of
show that during the recovery from hypocalcemia, PTH PTH. At least for our initial 0.4 mm reduction in ionized
values for similar serum calcium values were not differ- calcium, most previous studies have shown that this de-
ent between the two groups. gree of hypocalcemia did not change the metabolic clear-
Several of our findings support the conclusion that a ance rate of PTH even in anesthetized animals [36–38],
deceleration in the rate of calcium reduction rather than and some studies have even reported an enhanced meta-
a depletion of PTH stores was the cause of the decrease bolic clearance [39]. Either result would not increase
in PTH levels during the hypocalcemic clamp. After the circulating PTH levels. Studies of parathyroidectomized
30-minute reduction in serum calcium, a subsequent, animals have shown that even more severe hypocalcemia
more rapid reduction in serum calcium did not further did not change the metabolic clearance rate of PTH
increase PTH levels, but PTH levels did not decrease as [37, 40]. However, it is possible that in our study the
was observed during the hypocalcemic clamp. Moreover, accelerated reduction in serum calcium could have pro-
PTH values during the six-minute accelerated reduction duced hemodynamic instability, which decreased the
metabolic clearance rate of PTH. Although we cannotin serum calcium from 30 to 36 minutes were greater
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eliminate this possibility, several results suggest that this over, the calculation of the set point and slope would
explanation is not likely. First, in the group of dogs in also be affected by the use of PTH values obtained during
which the accelerated reduction in serum calcium was the recovery from hypocalcemia, which are lower for the
performed during the hypocalcemic clamp, PTH values same serum calcium concentration than those obtained
increased when serum calcium decreased from 0.87 to during the induction of hypocalcemia [3, 13, 31]. Thus,
0.71 mm. This range of serum calcium has been evaluated additional clinical studies are needed to resolve these
in previous studies and was not associated with changes important issues.
in the metabolic clearance rate of PTH [36, 37]. Second, In conclusion, our results suggest that (a) the reduction
in dogs in which the accelerated reduction in calcium in PTH values during a hypocalcemic clamp may not
was performed in the fast- and slow-infusion groups, the represent a depletion of PTH stores, but rather may be
PTH response was different for similar reductions in a response to the stabilization of the serum calcium. (b)
calcium and a similar final serum calcium. In the fast The use of PTH values from the hypocalcemic clamp
group, PTH values did not increase, although they did as the maximal PTH may underestimate the maximal
increase in the slow group. If hemodynamic instability secretory capacity of the parathyroid glands and also
decreased the metabolic clearance rate of PTH during would change the analysis of the PTH calcium curve;
marked hypocalcemia, it would have been expected to and (c) the PTH response to similar reductions in serum
have a similar effect in both groups. Third, the venous calcium may be less for slow than fast reductions in
blood pH, measured during the determination of ionized serum calcium.
calcium, was not different before and after the rapid
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